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ABSTRACT
Fluid migration pathways in the subsurface are heavily influenced by pre-existing faults. Although
studies of active fluid-escape structures can provide insights into the relationships between faults and
fluid flow, they cannot fully constrain the geometry of and controls on the contemporaneous subsur-
face fluid flow pathways. We use 3D seismic reflection data from offshore NW Australia to map 121
ancient hydrothermal vents, likely related to magmatic activity, and a normal fault array considered
to form fluid pathways. The buried vents consist of craters up to 264 m deep, which host a mound
of disaggregated sedimentary material up to 518 m thick. There is a correlation between vent align-
ment and underlying fault traces. Seismic-stratigraphic observations and fault kinematic analyses
reveal that the vents were emplaced on an intra-Tithonian seabed in response to the explosive release
of fluids hosted within the fault array. We speculate that during the Late Jurassic the convex-
upwards morphology of the upper tip-lines of individual faults acted to channelize ascending fluids
and control where fluid expulsion and vent formation occurred. This contribution highlights the use-
fulness of 3D seismic reflection data to constraining normal fault-controlled subsurface fluid flow.
INTRODUCTION
Rift basin architecture influences subsurface fluid flow. In
particular, normal faults may represent either barriers to
or conduits for fluid flow, depending on their geometry,
growth history, hydraulic properties, and the nature of
the displaced host stratigraphy (e.g., Yielding et al., 1997;
Walsh et al., 1998; Ligtenberg, 2005; Cartwright et al.,
2007; Andresen et al., 2009; Andresen, 2012). Normal
fault arrays thus affect the migration of hydrothermal flu-
ids (e.g., Hansen, 2006; Groves & Bierlein, 2007; Jackson,
2012; Giordano et al., 2013; Egger et al., 2014), magma
(e.g., Valentine & Krogh, 2006; Gaffney et al., 2007;
Mazzarini, 2007; Bedard et al., 2012; Magee et al., 2013c)
and hydrocarbons (e.g., Allan, 1989; Cartwright et al.,
2007). Because subsurface interactions between faults and
fluids cannot be directly observed easily, examining the
distribution of surficial fluid-escape structures can there-
fore provide crucial insights into how underlying fault
arrays may influence fluid flow (e.g., Hovland et al., 1994;
Ligtenberg, 2005; Abebe et al., 2007).
Here, we use high-quality, 3D seismic reflection data
from the Exmouth Sub-basin, offshore NW Australia to
analyse a suite of buried ‘crater-hosted mound’ structures.
These crater-hosted mounds are circular to elliptical in
map-view with diameters of <3.5 km. They consist of an
erosive, crater base that is up to 264 m deep, and which is
filled by a mound of sedimentary material up to 518 m
thick. This geometry is similar to crater-hosted mounds
observed elsewhere, which form in a range of geological
settings in response to the expulsion of fluid at the surface
(e.g., Stewart, 1999; Hansen et al., 2005; Hovland et al.,
2005; Hansen, 2006; Andresen, 2012). In particular, the
crater-hosted mounds bear a distinct resemblance to eye-
shaped hydrothermal vents observed offshore Norway
(e.g., Hansen, 2006). We suggest that the crater-hosted
mounds analysed are ancient hydrothermal vents, perhaps
related to magmatic activity, which developed on an early
to middle Tithonian palaeo-seabed. Because the majority
of the vents are organized into chains that are aligned sub-
parallel to underlying normal fault traces, we employ
alignment analyses and examine the growth histories of
the faults to assess if, and how, the subsurface structure
influenced fluid flow. Although this study is primarily
concerned with hydrothermal activity, our results are
broadly applicable to other forms of subsurface fluid flow
and indicate that: (i) the convex-upwards morphology of
fault upper tip-lines may ‘capture’ ascending fluids, local-
izing eventual hydraulic failure of the overburden; (ii)
fault interactions within high-density fault arrays produce
complex fluid distribution patterns; and (iii) detailed
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analyses of ancient, fluid-escape structures and the
contemporaneous tectono-stratigraphic and magmatic
framework, imaged in 3D seismic reflection data, can
provide critical insights into controls on subsurface fluid
flow.
GEOLOGICAL SETTING
The Exmouth Sub-basin, located offshore NW Australia
(Fig. 1a), initiated during the Early Jurassic within the
North Carnarvon Basin. Formation of the Exmouth Sub-
basin occurred in response to continental rifting between
the Exmouth Plateau and Australia (Tindale et al., 1998).
Although the North Carnarvon Basin records a complex
history of rifting, which extends back to the Devonian
(see McClay et al., 2013 and references therein), only the
Pliensbachian–Callovian and Late Jurassic-to-Early Cre-
taceous rift phases are imaged in the 3D seismic reflection
data utilized here (Figs 1b and 2) (Magee et al., 2013c).
Pre-Pliensbachian strata, herein referred to as ‘pre-rift’,
are dominated by the Late Triassic to Early Jurassic, non-
to shallow-marine siliciclastics of the Mungaroo and Brig-
adier formations (Figs 1b and 2) (Driscoll & Karner,
1998; Tindale et al., 1998). Crustal extension during the
Pliensbachian produced an array of vertically extensive,
NE-SW striking, large normal faults with throws of up to
1 km (Fig. 1b). Overlying the ‘pre-rift’ strata are marine
claystones of the Murat and Athol formations (‘syn-rift
I’), which thicken towards these faults, indicating that the
faults were surface-breaking during the Early and Mid-
dle Jurassic (Figs 1b and 2) (Driscoll & Karner, 1998;
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Fig. 1. (a) Location map of the 3D seis-
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preted and interpreted seismic section
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the ‘post-rift I’ to ‘syn-rift II’ transition,
the ornaments applied to both are par-
tially overlapped. See Fig. 1a for location.
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Tindale et al., 1998; Jitmahantakul & McClay, 2013). An
ensuing period of tectonic quiescence in the Late Jurassic
(i.e. ‘post-rift I’; Figs 1b and 2) coincided with deposition
of the Dingo Claystone, which consists of interbedded
marine claystones and siltstones (Tindale et al., 1998).
An influx of siliciclastic material took place in response
to the onset of break-up between Australia and Greater
India, resulting in deposition of the deltaic Barrow Group
and Zeepard/Birdrong formations, and the onset of Late
Jurassic-to-Early Cretaceous rifting (‘syn-rift II’) (Tindale
et al., 1998). This extension was accommodated by an
array of NE-SW striking, low-throw (c. <0.1 km), conju-
gate normal faults that are predominantly hosted within
the Dingo Claystone (Figs 1b and 2) (Jitmahantakul &
McClay, 2013; Magee et al., 2013c). The exact timing of
‘syn-rift II’ faulting is poorly constrained (Figs 1b and 2),
with previous studies suggesting faulting initiated in either
the early Tithonian (Driscoll & Karner, 1998; Mihut &
M€uller, 1998), early Berriasian (Tindale et al., 1998) or
early Valanginian (Rey et al., 2008). In contrast, Jit-
mahantakul & McClay (2013) proposed that the conjugate
faults developed during the late Berriasian or early Valan-
ginian in response to thermal subsidence. A clastic
sequence, which includes the Muderong Shale, Windalia
Radiolarite and the Gearle Siltstone, as well as younger car-
bonate rocks of the Toolonga Calcilutite, form the ‘post-rift
II’ succession (Figs 1b and 2) (Tindale et al., 1998).
The Dingo Claystone and Athol Formation within the
Exmouth Sub-basin host several igneous intrusions
(Figs 1b and 2) (Mihut & M€uller, 1998; Jitmahantakul &
McClay, 2013; Magee et al., 2013a,c). On seismic
reflection data, these intrusions manifest as very high-
amplitude anomalies that characterize a downward
increase in acoustic impedance and have a strata-concor-
dant or saucer-shaped morphology (e.g., Fig. 1b)
(Symonds et al., 1998; Magee et al., 2013a). These char-
acteristics are similar to sills drilled in other sedimentary
basins (e.g., the Faroe-Shetland Basin; Smallwood &
Maresh, 2002). A few basaltic sills have been penetrated
by wells within the North Carnarvon Basin (e.g., the
Yardie East-1 borehole; Mihut & M€uller, 1998).
DATASETANDWORKFLOW
This study uses a time-migrated, zero-phase, 3D seismic
reflection survey covering an area of 1200 km2 (Fig. 1a).
The inlines and cross-lines are oriented E-W and N-S,
with spacings of 14.06 m and 12.5 m, respectively. These
data are displayed with a reverse polarity, such that a
downward increase in acoustic impedance corresponds to
a negative amplitude (blue) reflection and a downward
decrease in acoustic impedance is represented by a posi-
tive amplitude (red) reflection. The 630 km2 study area of
interest (Fig. 1a) has an average water depth of 1.4 km.
Biostratigraphic data from the Falcone-1A and Indian-1
wells were used to constrain relative horizon ages down to
the Late Triassic. To depth-convert relevant measure-
ments, the interval velocities for packages of sedimentary
strata above the base Oxfordian (horizon JO; see Figs 1
and 2) were obtained directly from the Falcone-1A and
Indian-1 wells (Fig. 3). The Late Triassic to Early Jurassic
strata are only penetrated on a footwall high by Falcone-
1A. Measurements from the ‘pre-rift’ and ‘syn-rift I’ suc-
cessions were thus depth-converted using extrapolated
interval velocities, ranging from c. 3.5–4.1 km s1 (Fig. 3),
to avoid complications associated with footwall uplift. The
dominant frequency of the seismic data in the vicinity of
the crater-hosted mounds is 40 Hz, which together with
an interval velocity of 2.2 km s1 implies that the data
locally has a limit of separability of 14 m and a limit of visi-
bility of 2 m (sensu Brown, 2004). The limits of separability
and visibility increase with depth, up to 52 m and 7 m,
respectively, where seismic velocities reach 4.1 km s1
and the dominant frequency is 20 Hz. Igneous intrusions
within the dataset have a dominant frequency of 20 Hz
and are assumed to have interval velocities of 5.6 km s1
(Skogly, 1998), indicating that they have a limit of separa-
bility of 70 m and a limit of visibility of 10 m.
To evaluate the origin of the crater-hosted mounds, it
is important to first determine the tectono-stratigraphic
framework for the basin by mapping seismic horizons and
constraining fault array architecture. Igneous intrusions,
which may instigate and/or influence fluid flow (e.g.,
Jamtveit et al., 2004; Hansen, 2006; Svensen et al., 2006;
Holford et al., 2012), located within the study area were
also mapped. Constructing this framework provides the
context for our quantitative analysis of the crater-hosted
mounds, allowing their spatial and temporal evolution to
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be assessed and compared to previously described fluid-
escape features. To date the crater-hosted mounds, igne-
ous intrusions and faults, we analyse seismic-stratigraphic
relationships and construct fault throw vs. stratigraphic
age plots, which allow fault nucleation depths and thus
relative ages to be inferred (e.g., Mansfield & Cartwright,
1996; Hongxing & Anderson, 2007; Baudon & Cart-
wright, 2008; Jackson & Rotevatn, 2013). We also con-
ducted a statistical alignment analysis of the crater-hosted
mounds and faults to evaluate their spatial relationship.
The techniques employed allow the origin and evolution
of the crater-hosted mounds to be constrained, providing
insights into the controls on their distribution. Further
detail on each methodology employed is provided at the
start of each relevant results section.
TECTONO-STRATIGRAPHICAND
MAGMATIC FRAMEWORK
To define the local stratigraphic architecture, 11 major
seismic horizons have been mapped at least every 25
inlines and cross-lines (Figs 1b, 2, 4 and 5). Due to
uncertainties regarding the precise position and age of the
‘post-rift I’ and ‘syn-rift II’ transition (Driscoll & Karner,
1998; Mihut & M€uller, 1998; Tindale et al., 1998; Rey
et al., 2008), this boundary is only mapped locally (e.g.,
Figs 1b, 2 and 4). Additionally, 383 faults have been
mapped every c. 140 m along-strike and fault traces
extracted at different stratigraphic levels (e.g., Fig. 5).
Two fault arrays are distinguished based on their height
and stratal position (Figs 1b and 4): (i) ‘vertically exten-
sive’ describes faults that displace Triassic strata and
commonly extend up into the Upper Jurassic succession;
and (ii) ‘strata-bound’ pertains to faults primarily
restricted to the Upper Jurassic Dingo Claystone. Overall,
there is little variation in mean fault strike (013–193°),
with approximately 52% of the faults dipping ESE and
48% dipping WNW (Fig. 5). The west-dipping faults
(30–70° with a mean of 46°) are commonly steeper than
the east-dipping faults (19–58° and with a mean of 38°).
Two-way time (TWT) thickness maps were generated
between the mapped horizons to infer fault-controlled
subsidence patterns (Fig. 6). Four sills, which may in
some way be related to the crater-hosted mounds, are also
mapped.
Prerift and Syn-rift I
The ‘syn-rift I’ sequence, bounded at the top by the base
Oxfordian horizon (JO), shows stratal wedges that diverge
towards vertically extensive faults (e.g., Figs 1b and 6).
At the structural level of the near top Triassic horizon
(TRR), these vertically extensive faults are predominantly
east-dipping and up to 15 km long, with typical across-
strike fault spacings of 0.5–5 km and throws of up to
1 km (Figs 1b and 5a). The spacing of faults at the base
Oxfordian structural level is <2 km, principally because
the horizon is cross-cut by numerous strata-bound faults
that typically tip out at the near base Pliensbachian hori-
zon (JP1) and do not extend down into Triassic strata
(Figs 1b, 4 and 5b). Fault strike changes from N-S in the
west to NE-SW in the east, and the faults have relatively
modest throws of <150 m (Fig. 5b).
Post-rift I,Syn-rift II and Post-rift II
Seven horizons have been mapped within ‘post-rift I’,
including the base Kimmeridgian (JK), three intra-Kim-
meridgian horizons (H1–H3) and a horizon within the
early to middle Tithonian age (JT) (Figs 1b, 2, 4 and 5).
The intra-Tithonian horizon is truncated by the intra-
Valanginian unconformity (KV) (Fig. 1b). A two-way
time thickness map between the intra-Valanginian and
intra-Tithonian horizons highlights several sub-circular
zones of locally thinned strata, organized into a N-S ori-
ented linear chain, that are superimposed onto the overall
north-easterly thickening trend (Fig. 6c). The strata-
bound faults developed between the base Oxfordian and
intra-Valanginian horizons generally strike NE-SW and
the fault density is highest at the structural level of H3
(i.e. within the Kimmeridgian; Fig. 5). A few faults
extend above the intra-Hauterivian (KH) horizon but
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none displace the base Cenomanian (KC) horizon
(Fig. 1b).
Igneous intrusions
Magmatic activity commonly instigates hydrothermal
fluid flow and may produce structures similar to the cra-
ter-hosted mounds described here (Jamtveit et al., 2004;
Svensen et al., 2006). It is thus important to constrain
location and structure of the four intrusions (A–D) identi-
fied within the study area. These intrusions are character-
ized by very high-amplitude seismic reflections and
correspond to a downward increase in acoustic impedance
(Fig. 7). The sills are primarily hosted within the Dingo
Claystone between the H2 intra-Kimmeridgian horizon
and the base Oxfordian. The sills typically have a saucer-
shaped morphology (Figs 1b and 7). Aside from portions
of the Sill B and Sill D inclined limbs that are parallel to
and coincident with a fault plane, Fig. 7 shows that the
intrusions either directly cross-cut faults or display a
small downward step into fault hanging walls. Similar
interactions are observed between Sill A and surrounding
faults (see Magee et al., 2013c).
CRATER-HOSTEDMOUNDS
In this section, we describe the geometry, seismic expres-
sion and distribution of the crater-hosted mounds in
relation to the tectono-stratigraphic and magmatic
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framework outlined above. This facilitates comparison to
previously described fluid-escape features, allowing the
origin and evolution of the crater-hosted mounds to be
constrained.
Morphologyandseismic expression
The top of the crater-hosted mounds coincides with the
early to middle Tithonian horizon, which locally displays
a relief of up to 254 m (Figs 1b, 4, 7, 8a and b). The
mounds are onlapped by overlying reflections (Figs 7a
and 8a). Minor dome-shaped folds with amplitudes c.
<15 m are occasionally developed above the mounds
in overlying strata (e.g., Fig. 8a). The base of the
crater-hosted mounds (CB; Figs 1b and 4), defines
numerous craters that are up to 264 m deep and truncate
underlying reflections (Fig 8a and c). The underlying and
overlying strata display a similar seismic facies character
to that of the crater-hosted mounds and typically belong
to the Upper Jurassic Dingo Claystone (Figs 1b, 4, 7 and
8a). Some of the larger crater-hosted mounds in the west
of the study area are onlapped by ‘syn-rift II’ strata or are
truncated by the intra-Valanginian unconformity
(Figs 1b, 4 and 7).
Thickness variations between the intra-Tithonian
horizon and the base of the craters allow us to map 121
individual crater-hosted mounds, which are occasionally
encompassed by an apron of material at the same strati-
graphic level (Fig. 8d). Some areas of reduced thickness
correspond to cross-cutting normal faults, which primar-
ily displace the intra-Tithonian horizon in zones adjacent
to or along the flanks of crater-hosted mounds (e.g.,
Figs 4 and 8a). Between the intra-Tithonian horizon and
the crater base, reflections are typically of low-amplitude
and chaotic (e.g., Fig. 4) although continuous reflections,
which are conformable to the intra-Tithonian horizon
and downlap onto the crater base horizon, can be dis-
cerned within some crater-hosted mounds (e.g., Figs 7a
and 8a). No resolvable sub-vertical, linear zones of seismic
disturbance are observed below or above the crater-hosted
mounds (Figs 4, 7 and 8a).
Geometry
Due to the complex map-view morphologies of the cra-
ter-hosted mounds, a map of their outlines was exported
into the ImageJ analysis software (Rasband, 1997) to gen-
erate best-fit ellipses (Fig. 8e). These best-fit ellipses
were used to determine the centroid position, as well as
the length and azimuth of the long and short axes for each
crater-hosted mound (Figs 8e and 9a). Crater-hosted
mounds with axial ratios >1.2 are described as being
‘elongate’ whereas those with values <1.2 are described as
‘circular’ (Paulsen & Wilson, 2010). Within the individual
crater-hosted mound boundaries, time-structure maps of
the intra-Tithonian horizon and the crater base horizon
were created to derive the location of the maximum crater
depths and mound heights. Because the location of the
maximum mound height does not always directly overlie
the position of maximum crater depth (e.g., Fig. 9a), the
maximum thickness of each crater-hosted mound was
obtained from individually generated intra-Tithonian
horizon to crater base TWT thickness maps. Volumes for
the mounds and craters were calculated from their area
and height/depth, assuming that the mounds and craters
are divided by a datum parallel to the regional trend of the
intra-Tithonian horizon (Fig. 9a) and that they have a
simple conical geometry. As one crater-hosted mound
extends beyond the limit of the seismic survey (Fig. 8e),
it has not been incorporated into the statistical analysis
of the mound and crater parameters. Four crater-
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hosted mound are truncated by the intra-Valanginian
unconformity (e.g., Fig. 7a); the mound height measure-
ments of these are therefore minimum values. Structural
measurements for all 121 crater-hosted mounds are
presented in the supplementary data.
The crater-hosted mounds range in area from 0.35 to
4.93 km2 and have long axes between 0.27 and 3.35 km.
The calculated axial ratios, which range from 1.04 to 4.20,
indicate that 84% of the crater-hosted mounds are ‘elon-
gated’ and 16% are ‘circular’. The rose diagram in Fig. 8e
shows that, although the crater-hosted mound long axis
orientation is variable, three major trends can be defined:
NE-SW (10%); N-S (28%); and NW-SE (17%). There
is a strong positive correlation between crater depths,
which range from 22 to 264 m, and mound heights
(8–254 m). On average, the crater depth of individual cra-
ter-hosted mounds is 22% greater than the mound height
(Fig. 9b). A moderate, positive correlation exists between
the crater depth or mound height, and the respective
diameter of individual crater-hosted mounds (Fig. 9c).
The maximum thickness and volume of the crater-hosted
mounds range from 43 to 372 m and 0.03 to 4.31 km3,
respectively. The craters and mounds have mean volumes
of 0.16 km3 and 0.14 km3. Total volumes of all craters
and mounds are c. 19 km3 and c. 17 km3, respectively.
Distribution
The distribution of fluid flow-related structures is related
to the processes that control their formation and evolution
(e.g., Bonini & Mazzarini, 2010; Paulsen & Wilson, 2010;
Le Corvec et al., 2013). It is apparent from Fig. 8e that
the crater-hosted mounds occur in three broadly linear
belts; Groups 1 and 2 are oriented 018–198° and are sub-
parallel to the average fault strike (see Fig. 4), whereas
Group 3 is oriented 036–216°. Within these groups and
particularly within Group 2, numerous chains of approxi-
mately five or fewer crater-hosted mounds can be recog-
nized that are sub-parallel to individual fault traces
(Fig. 10). Relative to fault traces defined at the intra-
Tithonian horizon (Fig. 5d), the majority of maximum
crater depth positions are offset into fault hanging walls
by c. 50–100 m (Fig. 10a). In contrast, Fig. 10b and c
reveal that the maximum crater depth positions typically
directly overlie fault traces occurring along the H3 intra-
Kimmeridgian horizon. There is little spatial correlation
between the crater-hosted mounds and the mapped sills;
i.e. only 19 crater-hosted mounds occur either directly
above the sills or within 100 m of their seismically
resolved lateral terminations (Fig. 10a).
To quantify the observed trends and determine
whether they record information on the primary controls
of crater-hosted mound distribution, we applied the
technique of Paulsen & Wilson (2010) with the aim of
statistically testing the spatial correlations identified. This
method allows ‘alignment reliability’ to be assessed, pro-
viding a measure of confidence in the spatial relationship
between the crater-hosted mounds and faults (see Bonini
& Mazzarini, 2010; Paulsen & Wilson, 2010; Le Corvec
et al., 2013; Isola et al., 2014). For Groups 1–3, orthogo-
nal linear regression best-fit lines were calculated from
the crater-hosted mound centroid positions (Fig. 9a) (see
Paulsen & Wilson, 2010). Ten fault traces (Faults a–j)
from H3 within the Kimmeridgian, which underlie chains
(a)
(b)
Fig. 7. (a) Time-structure map of and interpreted seismic section through Sill B. The area where the western limb of Sill B coincides
with the fault plane is highlighted on the time-structure map (i). Internal reflections observed in the overlying crater-hosted mound
are highlighted. Contour intervals (white lines) equal 30 ms. (b) 3D time-structure map and seismic section showing the geometry and
position of sills C and D. Where a sill cross-cuts a fault with no offset (ii) or displays a downward step into the hanging wall (iii) are
highlighted. Contour intervals (white lines) equal 15 ms. See Fig. 10a for location. Uninterpreted seismic sections are provided in the
supplementary data.
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of maximum crater depth positions, were also selected
(Fig. 10b) and in these cases it was assumed that the fault
traces correspond to a best-fit line. The following parame-
ters were subsequently measured (Fig. 9a): (i) the orthog-
onal distance to each associated centroid point for Groups
1–3 or maximum crater depth position for Faults a-j from
the best fit-line; (ii) the nearest neighbour spacing of the
crater-hosted mounds and (iii) the angular deviation (h)
between ellipse long axes and the azimuth of the best-fit
lines or fault traces was also calculated. To constrain the
reliability of any spatial correlation, Bonini & Mazzarini
(2010) advocated using the ‘alignment length’, i.e. the dis-
tance along the best-fit line (or fault trace) between the
two structures which are furthest apart, to scale these
measurements and compare them to predefined criteria
(Table 1). As the faults analysed extend along strike
beyond associated crater-hosted mound distributions
(Fig. 10b), we also used the seismically resolved ‘fault
trace length’ as a threshold to test its effect on reliability.
Table 1 highlights the grading system applied to deter-
mine the reliability trends and is based upon Paulsen &
Wilson (2010) and Bonini & Mazzarini (2010); ‘A’
describes a strong spatial correlation whereas ‘D’ implies
that the observed trend is not statistically valid. Both
average values and standard deviations of the three
parameters measured are used to constrain the reliability
(Table 1). This is because they provide insights into the
actual relationships of the crater-hosted mounds to
the best-fit line and estimates of the homogeneity in the
observed trends (Bonini & Mazzarini, 2010). For each
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hosted mounds. (d) TWT thickness map between the intra-Tithonian and crater base used to determine the outline of individual cra-
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three groups whilst the large arrow is the average trend of the mapped faults.
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alignment trend, the lowest reliability grade returned for
any of the parameters measured is used to describe the
statistical validity of the correlation (Paulsen & Wilson,
2010).
Crater-hosted mounds assigned to Groups 1 and 3 are
distributed relatively closely to the NE-SW trend
(Fig. 8e), which is reflected in their low average orthogo-
nal distances (570 m and 330 m respectively) (Fig. 11a;
Table 2). Conversely, the clustered distribution of the
Group 2 crater-hosted mounds (Fig. 8e) have an average
orthogonal distance of 1237 m and a lower average vent
spacing of 168 m compared to Groups 1 and 3, which
have spacings of 1067 m and 586 m, respectively
(Fig. 11b; Table 2). The angular deviation of Groups 1, 2
and 3 is 68.9°, 41.5° and 41.3°, respectively, (Table 2).
Figure 11 and Table 2 indicate that the overall reliabil-
ity grades of Groups 1–3 are low and ranges from
‘C–D’.
For each of the fault trace and crater-hosted mound
alignments analysed (Faults a–j), the average distance and
spacing of the crater-hosted mounds are smaller, with
ranges of 64–269 m and 250–1648 m, respectively
(Table 2), compared to the broad Group 1–3 trend data
(Fig. 11a). There is, however, a poor correlation between
local fault strike and the orientation of the crater-hosted
mound long axes, with angular deviations for Faults a, b
and d–i ranging from 31 to 63° (Table 2). Both Faults
c and j display angular deviations <30° (Table 2).
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Fig. 9. (a) Schematic diagram of the map-view parameters measured (Paulsen &Wilson, 2010). The interpreted seismic section
shows four crater-hosted mounds (a–d) and highlights how the maximum thickness (i) does not necessarily correlate spatially to the
maximum mound height (ii) or crater depth (iii). The crater depth and mound height are measured from the maximum depth or sum-
mit relative to a datum (dashed line) corresponding to the regional extrapolation of JT intra-Tithonian horizon. Onlap and truncation-
al seismic-stratigraphic relationships are also indicated. See Fig. 8e for location. An uninterpreted seismic section is provided in the
supplementary data. (b) Plot of maximum crater depth against maximum mound height. (c) Diameter of the crater-hosted mound
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Depending on whether these measurements are scaled
using alignment length or the resolved fault length, reli-
ability grades are either all ‘D’ or a mixture of ‘A’ (40%),
‘C’ (10%) and ‘D’ (50%)’, respectively (Fig. 11;
Table 2).
Evolutionand classificationof the crater-
hostedmounds
The observation that underlying seismic reflections are
truncated by the craters (Figs 1b, 4, 7a and 8a), suggest
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Fig. 10. (a) Fault traces along the intra-Tithonian horizon highlighting the outline of the mapped sills and the maximum crater depth
positions. (b) Map depicting fault traces on the H3 intra-Kimmeridgian horizon to highlight those used in the fault throw and crater-
hosted mound alignment analyses. The numbers indicate Faults 1–14 and the letters correspond to Faults a–j. The maximum crater
depth positions for the crater-hosted mounds are also shown. (c) 3D block view of a chain of crater-hosted mounds elongated along a
fault. See Fig. 8e for location (viewed from the south-east).
Table 1. Alignment reliability grade criteria
Reliability
grade No. of structures
Distance from best-fit line Crater-hosted mound spacing
Average angular
deviation (°)Average (m) Standard deviation (m) Average (m)
Standard
deviation (m)
A >5 <0.020 L <0.020 L <0.10 L <0.10 L ≤30
B >4 <0.020 L <0.020 L <0.12 L <0.12 L ≤35
C >3 <0.025 L <0.025 L <0.15 L <0.15 L ≤40
D >2 No limit No limit No limit No limit >40
‘L’ is equal to the alignment length or fault trace.
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that the craters developed via destructive, erosional
processes at the palaeo-seabed during the early to middle
Tithonian. It is likely that mound growth occurred imme-
diately after crater formation because: (i) observed
internal reflections are oriented sub-parallel to the intra-
Tithonian horizon and downlap onto the base crater
horizon (e.g., Fig. 7a), consistent with progressive mound
growth (see Magee et al., 2013b); (ii) infilling by back-
ground sedimentation processes would probably not
produce the relief observed along the intra-Tithonian
horizon and (iii) overlying reflections onlapping onto the
mounds indicate their formation does not relate to differ-
ential compaction, although the presence of a few overly-
ing low-relief antiforms (e.g., Fig. 10a) suggest that some
differential compaction has occurred (Planke et al., 2005;
Hansen, 2006). Furthermore, we suggest that the mounds
have comparable interval velocities to, and are likely to be
composed of, the encasing Upper Jurassic Dingo
Claystone because: (i) the acoustic impedance of the
crater-hosted mounds is similar to that of the surrounding
strata (e.g., Fig. 4; Hansen, 2006); and (ii) there are no
observed geophysical artefacts which relate to seismic
velocity perturbations beneath the crater-hosted mounds
(e.g., velocitypull-ups, Jackson, 2012;Magee et al., 2013b).
Comparison to similar features
The external morphology, scale and internal architecture
of the crater-hosted mounds display similarities to: (i) car-
bonate mounds developed within pockmarks (e.g., Hov-
land et al., 1994; Stewart, 1999; Hovland et al., 2002,
2005); (ii) igneous intrusion-induced hydrothermal vents
(e.g., Jamtveit et al., 2004; Svensen et al., 2004; Planke
et al., 2005; Hansen, 2006; Hansen et al., 2008) and (iii)
mud volcanoes (e.g., Stewart & Davies, 2006; Bonini &
Mazzarini, 2010; Roberts et al., 2011). Pockmarks are
erosive (typically <45 m deep), crater-like features that
form at the seabed in response to fluid seepage (Stewart,
1999; Hovland et al., 2002, 2005; Ligtenberg, 2005), and
may contain carbonate mounds (i.e. ‘eyed’ pockmarks;
Hovland et al., 2002). Some giant pockmarks, related to
gas expulsion, have been described by Cole et al. (2000)
that display similar diameter (0.5–4 km) and depth
(50–200 m) characteristics as the crater-hosted mounds
analysed here. Vents produced by the expulsion of over-
pressured fluids genetically related to either igneous activ-
ity or mud mobilization similarly consist of a basal crater,
which is subsequently infilled by material expelled during
associated fluid extrusion (e.g., Jamtveit et al., 2004; Han-
sen, 2006; Svensen et al., 2006; Roberts et al., 2011).
Mud volcanoes of a similar scale to the crater-hosted
mounds described here have been observed (Bonini &
Mazzarini, 2010), although they commonly occur in zones
of tectonic shortening and display evidence of caldera col-
lapse at their summit (Stewart & Davies, 2006; Roberts
et al., 2011). For intrusion-induced, eye-shaped hydro-
thermal vents composed of sedimentary material, previ-
ous studies have hypothesized that an increase in fluid
overpressure around the lateral tips of igneous sills, insti-
gated by the boiling of pore fluids and/or the release of
magma-hosted fluids, eventually results in the rapid
upwards expulsion of fluidized material (e.g., Svensen
et al., 2003; Jamtveit et al., 2004; Planke et al., 2005;
Svensen et al., 2006). This expelled fluid either ascends
vertically, resulting in a sub-vertical ‘chimney’ of distur-
bance in seismic reflection data (Svensen et al., 2003;
Jamtveit et al., 2004; Hansen, 2006; Svensen et al., 2006),
or exploits a pre-existing fault (Jackson, 2012; Magee
et al., 2013b).
The similarity in the morphology and seismic-strati-
graphic relationships between these potential analogues
and the crater-hosted mounds suggest that the craters
formed through fluid expulsion at the palaeo-seabed (see
Jamtveit et al., 2004; Svensen et al., 2006). Given the
thickness of strata eroded from the craters, which can be
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up to 264 m, it is likely that extrusion was explosive and
provided the sedimentary material required for mound
construction. Explosive ejection of material may also
explain the presence of crater-infill material extending
beyond the limits of the craters (Fig. 8d). We suggest that
the crater-hosted mounds represent hydrothermal vents
infilled by extruded mud because: (i) they are geometri-
cally similar to hydrothermal vents observed both onshore
and in seismic reflection data (see Jamtveit et al., 2004;
Hansen, 2006; Svensen et al., 2006; Hansen et al., 2008);
(ii) their interval velocity is likely similar to the surround-
ing Dingo Claystone and (iii) no collapse caldera or evi-
dence of intermittent extrusion events, in conjunction
with the presence of basal craters, suggests that the cra-
ter-hosted mounds do not represent typical mud volca-
noes (e.g., Stewart & Davies, 2006; Huuse et al., 2010).
We rule out a relationship between the crater-hosted
mounds and pockmark formation because: (i) pockmarks
rarely display crater depths >45 m (Hovland et al., 2002),
whereas the crater-hosted mounds are up to c. 264 m
deep; (ii) hydrocarbon maturation and charge initiated in
the Cretaceous (Tindale et al., 1998) after the formation
of the crater-hosted mounds, dismissing gas expulsion as
a viable mechanism of giant pockmark formation (cf. Cole
et al., 2000) and (iii) carbonate mounds found within
pockmarks have widths less than that of the host crater
(Hovland et al., 1994, 2002). Thus, the crater-hosted
mounds are henceforth referred to as hydrothermal vents.
ORIGIN OF THE HYDROTHERMAL
VENTS
Having established that the crater-hosted mounds are
likely hydrothermal vents, it is perhaps appealing to
link their origin to the emplacement of the underlying
igneous sills observed in the seismic survey (see Jamt-
veit et al., 2004; Hansen, 2006; Svensen et al., 2006).
However, Fig. 10a reveals that the majority of the
vents are not spatially related to the mapped sills, as
is typically expected for intrusion-induced hydrother-
mal vents (Jamtveit et al., 2004; Hansen, 2006; Sven-
sen et al., 2006; Hansen et al., 2008; Jackson, 2012;
Magee et al., 2014a). An igneous-related origin for the
hydrothermal fluid may be maintained if it is consid-
ered that either: (1) the majority of the vents overlie
dykes that are not resolved in the seismic reflection
data, owing to their sub-vertical attitude (Thomson,
2005) or (2) the contemporaneous fault network
allowed fluid to migrate away from a source located
beneath or adjacent to the study area. Testing these
two hypotheses requires elucidating the relative ages
of the vents, igneous intrusions and faults. From
these age relationships, the tectonic architecture
contemporaneous to the emplacement of the hydro-
thermal vents can be reconstructed.
Timingof faulting
Onlap onto the mound flanks and truncation of the strata
by the craters indicate that the hydrothermal vents
formed at the palaeo-seabed (JT) during the early to mid-
dle Tithonian. Determining the architecture of the fault
array at the time of vent formation requires an under-
standing of fault kinematic histories. To achieve this, 14
faults (Faults 1–14; Fig. 10) covering a broad range of
fault sizes, orientations and geographic locations were
selected for fault throw analysis. We examine fault throw
variations with depth (T-z), although to aid in data com-
parison of faults across different depth ranges we plot
Table 2. Group 1–3 alignment reliability
Group/
Fault
(Fault a–j)
Alignment
length
(Fault length)
(m)
Alignment
azimuth*
(°)
No. of
structures
Distance from
best-fit line
Crater-hosted
mound spacing Angular deviation
Reliability
grade
(Fault
grade)
Average
(m)
Standard
deviation
(m)
Average
(m)
Standard
deviation
(m)
Average
(°)
Standard
deviation
(°)
1 8179 18 8 570 482 1067 577 69 16 D
2 14 775 18 82 1237 760 168 179 42 24 D
3 14 658 36 24 330 231 586 27 41 28 C
a 4963 (15 000) – 5 269 92 1034 472 64 19 D (A)
b 1758 (3682) – 5 144 73 380 331 44 28 D (D)
c 1629 (5871) – 4 87 35 502 296 24 13 D (A)
d 2276 (7197) – 4 129 52 714 305 49 31 D (A)
e 5507 (9817) – 5 129 107 1294 1111 31 7 D (C)
f 2317 – 4 101 106 686 197 51 22 D (D)
g 3870 (4590) – 5 184 115 895 777 35 30 D (D)
h 5239 (5649) – 4 127 42 1648 1892 41 28 D (D)
i 1595 (4627) – 3 64 50 736 431 37 26 D (D)
j 914 (9030) – 4 142 123 250 204 17 7 D (A)
*Local fault strike, which commonly varied for each crater-hosted mound, was used to calculate angular deviation where applicable.
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fault throw against the age (T-a) of the offset horizon, to
quantify fault growth histories (e.g., Mansfield & Cart-
wright, 1996; Castelltort et al., 2004; Hongxing & Ander-
son, 2007; Baudon & Cartwright, 2008; Jackson &
Rotevatn, 2013). The morphology of both T-z and T-a
profiles may reflect: (i) continued growth of a single,
unconstrained fault that does not breach the surface (i.e. a
‘C-shaped’ profile geometry; Fig. 12a) (Muraoka &
Kamata, 1983); (ii) reactivation of a fault (i.e. a ‘stepped’
profile geometry; Fig. 12b) (Hongxing & Anderson,
2007) or (iii) dip-linkage between two originally separate
faults, which nucleated at different stratigraphic levels
(i.e. a ‘B-shaped’ profile geometry; Fig. 12c) (cf. Jackson
& Rotevatn, 2013; Tvedt et al., 2013).
To construct the T-a profiles, throw was measured
between the footwall and hanging wall cut-offs of the
eleven major horizons (if present) and numerous, locally
defined horizons (Fig. 12a), from seismic sections
oriented orthogonal to Faults 1–14 (Fig. 10b). Where
seismic reflections adjacent to the faults display evidence
for significant amounts of folding, the regional trend of
the horizons were extrapolated to produce footwall and
hanging wall cut-offs that account for the ductile defor-
mation (e.g., Mansfield & Cartwright, 1996; Long &
Imber, 2010; Whipp et al., 2014).
Within the ‘pre-rift’ and ‘syn-rift I’ successions, the T-a
profiles of five vertically extensive faults indicate that fault
throw decreases from c. >370 m near the Top Triassic
(TRR) to c. <100 m at the base Oxfordian (JO) (Fig 13a–
e). Between the base Oxfordian and intra-Tithonian (JT)
horizons, which encapsulates the majority of the ‘post-rift
I’ succession (Figs 1b, 2 and 4), generally throw remains
constant, as shown by a sub-vertical slope (Fig. 13a–e).
Towards the upper tips of three vertically extensive faults
(i.e. Faults 1, 3 and 4), the throw gradient increases above
the intra-Tithonian horizon as throw approaches zero
(Fig. 13a, c and d). Overall, the vertically extensive faults
display ‘stepped’ T-a profiles similar to Fig. 12b.
Towards the seismically defined upper and lower tips
of the nine strata-bound faults analysed, throw typically
approaches minimum values of c. <17 m and <30 m,
respectively (Fig. 14). Several abrupt increases and
decreases in fault throw (black arrows on Fig. 14) are
observed on five of the T-a profiles, which correspond to
sub-horizontal branchlines between faults of opposing
dips. These composite throw values (i.e. the throw attrib-
utable to each fault cannot be distinguished) are excluded
from the characterization of the strata bound fault T-a
profile geometries for simplicity. Consequently, three
major profile morphologies can be discerned (Fig. 14).
The profiles of Faults 6–8 display a ‘C-shaped’ geometry,
where throw increases towards a single maximum of
62 m, 36 m and 51 m, respectively, located approxi-
mately between the crater base and intra-Tithonian
horizons. In contrast, Fault 9 illustrates a prominent
‘B-shaped’ profile, whereby an intervening throw mini-
mum of 20 m, occurring between the intra-Tithonian and
intra-Valanginian (KV) horizons, separates two zones of
increased throw (Fig. 14d). A similar pattern is observed
for F10–13, although the relative decrease in throw
between the intra-Tithonian and intra-Valanginian hori-
zons is less (Fig. 14e–h). Fault 14 shows little variation in
throw with depth (i.e. ‘I-shaped’) although there is a
sharp increase in the throw gradient at the intra-Hauteri-
vian (KH) (Fig. 14i).
Interpretation
The vertically extensive fault T-a profiles (Fig. 13) are
similar to the schematic ‘stepped’ profile depicted in
Fig. 12b (cf. Hongxing & Anderson, 2007; Baudon &
Cartwright, 2008). This implies that the ‘syn-rift I’ faults
became inactive prior to deposition of the base Oxfordian
to intra-Tithonian succession but were reactivated during
the early to middle Tithonian (Driscoll & Karner, 1998;
Mihut & M€uller, 1998). Because ‘C-shaped’ throw pro-
files are characteristic of blind fault growth (Hongxing &
Anderson, 2007), for the strata-bound Faults 6–8 to
nucleate between the intra-Tithonian horizon and the H2
Kimmeridgian horizon (Fig. 14a–c) it is likely that they
formed during the middle or late Tithonian. This implies
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that at least some strata-bound faults nucleated after the
deposition of the intra-Tithonian horizon, and thus after
the formation of the hydrothermal vents, coincident with
reactivation of the ‘syn-rift I’ faults.
Of the nine strata-bound faults analysed, seven faults
display pronounced throw minima at or just above the
intra-Tithonian horizon (i.e. Fig. 14b–h). Of these faults,
a further five exhibit an increase in throw above and below
these minima (Fig. 14d–h), which produces a ‘B-shaped’
profile geometry similar to that of the dip-linked fault
illustrated in Fig. 12c. Importantly, the throw maxima of
these upper and lower ‘segments’ can be used to identify
the nucleation depths of the two originally separate faults
(Jackson & Rotevatn, 2013). Thus, in order to generate
the T-a profiles observed, the shallowest fault segments
must have formed after the deposition of the intra-Titho-
nian horizon in the middle to late Tithonian (Fig. 14),
and thus after the formation of the hydrothermal vents.
One explanation to account for the observed geometries is
that both the upper and lower fault segments may have
nucleated synchronously, becoming dip-linked with
growth, which implies that strata-bound faulting post-
dated formation of the hydrothermal vents. Alternatively,
the lower fault segments, which typically nucleated
around the level of the Kimmeridgian H3–H4 horizons
(Fig. 14c–h), may have formed prior to or during hydro-
thermal vent formation and, thus, prior to the nucleation
of the upper fault segments.
Timingofmagmatic activity
Four igneous sills have been mapped within the study area
(Figs 1b, 7 and 10a). The timing of emplacement for seis-
mically imaged intrusions has traditionally been con-
strained through radiometric dating of samples recovered
from boreholes (Archer et al., 2005) or the definition of
horizons, with known ages, onlapping onto intrusion-
induced forced folds (Trude et al., 2003; Magee et al.,
2014a). As the sills mapped here are not associated with
forced folds and are not penetrated by boreholes, we adopt
the method proposed by Magee et al. (2013c) and deter-
mine relative emplacement ages based on their cross-cut-
ting relationship with faults. Figure 7 reveals that sills
B–D either cross-cut or are occasionally intruded along
fault planes. These relationships reveal that emplacement
of the imaged sills occurred after faulting ceased, likely in
the Early Cretaceous (Magee et al., 2013c), which is con-
sistent with other intrusion ages suggested for the NW
Australian Shelf (Mihut & M€uller, 1998; McClay et al.,
2013; Rohrman, 2013). There is thus no genetic relation-
ship between the sills analysed here and the Late Jurassic
hydrothermal vents. However, it is important to note that
Magee et al. (2013a) demonstrated that a saucer-shaped
sill immediately to the south (c. 1 km) of the study area
was emplaced during the mid to late Kimmeridgian
(Fig. 15), prior to the formation of the hydrothermal
vents. We speculate that magmatic activity on a regional-
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that igneous activity initiated during the
Kimmeridgian, before the onset of
faulting.
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scale initiated during the Kimmeridgian, prior to the onset
of ‘syn-rift II’, continuing through to and intensifying
during the Early Cretaceous (Fig. 15).
Vent alignment
The hydrothermal vents are organized into three broad
belts (i.e. Groups 1–3), within which chains of vents
apparently correlate with laterally restricted portions of
fault traces along H3 defined within the Kimmeridgian
succession (Fig. 10). Alignment analyses suggest that this
correlation between the vents and faults can reliably be
interpreted as a genetic relationship, if fluid flow occurred
along the entire fault length. We consider this a reason-
able assumption because: (i) Ligtenberg (2005) suggested
that the ascent of fluid up fault planes draws in fluid from
a zone that encompasses an area greater than the lateral
limit of the surficial fluid escape structures (Fig. 16) and
(ii) the upper tip-lines of normal faults typically have a
convex-upwards morphology (e.g., Barnett et al., 1987;
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Fig. 16. Schematic diagram showing
how diapiric fluid flow (after Ligtenberg,
2005) up an elliptical fault may be con-
trolled by geometry of the upper tip line.
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Walsh & Watterson, 1989), which we suggest may act to
channel fluids towards the fault (segment) centre. In
summary, our results indicate that it is plausible that a
pre-existing network of faults captured hydrothermal flu-
ids (e.g., Jackson, 2012; Magee et al., 2013b), influencing
the distribution of the hydrothermal vents during the
early to middle Tithonian.
Controls onsubsurface fluid flow
Reconstruction of the subsurface architecture contempo-
raneous to vent emplacement suggests that fluid ascended
vertically from upper fault tips located around the
Kimmeridgian H3 horizon (Fig. 17). This implies that
the faults were blind (i.e. non-surface breaking) at this
time, consistent with the lack of stratal wedges developed
in the Upper Jurassic Dingo Claystone (Jitmahantakul &
McClay, 2013). The difference in depth between H3 and
the contemporaneous free surface (intra-Tithonian) sug-
gests that fluid was released from the upper fault tip and
ascended vertically upwards through the overlying strata
before being expelled (Figs 16 and 17). This may also
explain the large angular deviations >30° between the
fault traces and vent long axes (Table 2) if it is considered
that the far-field extensional stress regime dominated at
the depth of fault nucleation, but development of the
vents at the free surface was predominantly controlled by
local stresses related to mechanical interaction between
adjacent structures and/or variations in host rock behav-
iour (cf. Bonini & Mazzarini, 2010; Paulsen & Wilson,
2010). Continued fault growth after the development of
the hydrothermal vents eventually resulted in the dis-
placement of the intra-Tithonian horizon in areas adja-
cent to, or on the flanks of, the vents (Figs 4, 8a and 17).
There is no consistent pattern in the spacing of the
hydrothermal vents relative to fault length, geometry
(e.g., curvature) or intersection locations as is commonly
observed when faults act as fluid flow conduits (e.g.,
Ligtenberg, 2005; Abebe et al., 2007; Mazzarini, 2007;
Paulsen & Wilson, 2010; Andresen, 2012; Magee et al.,
2013c). Given the complex distribution of faults at H3
(Figs 5c and 10b), we suggest that the interaction
between all the aforementioned fault array properties
locally influenced fluid flow. Detailed analyses of ancient
fluid escape structures imaged in 3D seismic reflection
data could therefore provide an important opportunity
to further constrain these controls.
CONCLUSIONS
The upper crustal structure of rift basins influences fluid
flow in the subsurface. Identifying the processes which
control fluid distribution can therefore provide significant
insights into the evolution of hydrothermal, magmatic
and hydrocarbon systems. However, the interaction
between fluids and structures, particularly normal faults,
in the subsurface cannot be easily examined. We present a
quantitative analysis of a suite of ancient hydrothermal
vents imaged in 3D seismic reflection data offshore NW
Australia. The vents are circular to elliptical (<3.5 km
diameter) map-view and consist of a basal crater that
truncates surrounding strata and infilled by a mound
onlapped by overlying reflections. Associated with the
hydrothermal vents are two arrays of normal faults and
several igneous sills. The analysis of seismic-stratigraphic
relationships and fault growth histories reveal that hydro-
thermal vent emplacement occurred in the early to middle
Tithonian, likely after the initial onset (Kimmeridgian?)
of local faulting. Although the sills imaged in the study
area post-date vent formation and faulting, we suggest
that the hydrothermal fluids were generated in response
to regional magmatic activity. A statistical assessment of
the apparent alignment of hydrothermal vents along
underlying fault traces suggests that the fault architecture
influenced fluid flow. We propose a model whereby the
convex-upwards, upper tip-line morphology of individual
faults channelled fluid towards the fault (segment) centre,
localizing hydraulic failure of the overburden and
hydrothermal vent distribution. We also show that fault
curvature and fault intersections complicate fluid flow
systems. Our results emphasize the importance of 3D
seismic reflection data to understanding fluid flow in the
subsurface and suggest that integrated structural analyses
can be applied to reconstruct ancient fluid flow pathways.
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